We herein propose the use of fluoroacetamide and difluoroacetamide moieties as sensitive tags for the detection of sugar-proteini nteractions by simple 1 Ha nd/or 19 FNMR spectroscopy methods. In this process, we have chosen the binding of N,N'-diacetyl chitobiose, au biquitous disaccharidef ragment in glycoproteins, by wheat-germ agglutinin (WGA), am odel lectin. By using saturation-transfer difference( STD)-NMR spectroscopy,w eexperimentally demonstrate that, under solution conditions, the molecule that contained the CHF 2 CONH-moietyi st he stronger aromatic binder,f ollowedb yt he analogue with the CH 2 FCONHgroup and the naturalm olecule (with the CH 3 CONH-fragment). In contrast, the molecule with the CF 3 CONH-isoster displayed the weakest intermolecular interaction (one order of magnitude weaker). Because sugar-aromatic CH-p interactions are at the origin of these observations, these results furtherc ontribute to the characterization and exploration of these forcesa nd offer an opportunity to use them to unravel complex recognition processes.
Introduction
The study of ligand-receptor interactions from structurala nd energy perspectivesr emains ak ey issue in modern chemistry that requires ap recise and specific strategy.I nt his context, the study of protein-carbohydrate interactions is receiving increaseda ttention due to their implication in many fundamental biological and pathological processes. [1] The complete characterization of the molecular determinantsa tt he sugar-protein interface has ap ivotal role for the design and development of new chemical probes for the detection [2] [3] [4] and controlled modulation of the binding process. For the structurally complex class of N-glycans, which often present multiple binding epitopes, [5] analysiso ft heir interaction parameters is am ajor challenge. Thus, the use of NMR spectroscopy and dedicated chemical probesc an help to overcome the difficulties frequently found in the X-ray analysis of protein-glycan interactions, [6] and may permitu st od issect the fine structural and conformationald etailso ft he binding event. To this end, the use of 13 C-labeledg lycans [7] or paramagnetic lanthanide binding tags has been proposed. [8] In addition, recent advances in the synthesis of glycomimetics, which can modify as pecific atom or chemical moiety in ar egio-and stereoselective manner,h ave opened new avenues fors tructure-based studies of molecular recognition events. [9] The characterization of the associated binding energy is also of paramount interest for the design.
The introductiono fanon-endogenousa tom into the ligand or receptor molecules has proved to be as uccessful strategy for characterization of the binding process, buta lso for deduction of the enthalpy contribution of as pecific group to the interaction event. [10, 11] Although this strategy has been widely appliedf or the detection of hydrogen-bond donor/acceptor groups,t he use of specific NMR spectroscopy probest oa nalyze sugar-aromatic interactions hasb een less explored.A recent analysiso fX -ray crystallographic structures of proteincarbohydrate complexesi nt he protein data databank (PDB) highlightst he key role that these interactions play in the molecular recognitiono fg lycans, and demonstrates the presence of amino acids with electron-rich aromatic side chains in the receptor binding sites, whereas aliphatic amino acids are underrepresented. [12] In addition to the widely known stacking interaction between the more hydrophobic sugar plane and aromatic amino acid side chains, [13] there are many examples of the role of methyl/aromatic interactions as additional stabilizing forces in carbohydrate-protein binding events. [14] In fact, acetamide sugars are ubiquitous in nature,a nd GlcNAc, GalNAc, and NeuNAc residuesa re important recognition elements in many human glycoproteins and glycoconjugates. Recently,w ep roposed the difluoroacetamideg roup as an ovel 19 F-containing acetamide surrogatef or the study of the interactions of lectins with acetylated amino sugars by using NMR spectroscopy. [15] Wheat-germ agglutinin (WGA), al ectin known to bind GlcNAc and Neu5Ac, was used as am odel receptor. One of the keyi nteractions involved in the recognition of GlcNAc is the CH-p stacking of the methyl of the acetamide group with the aromatic ring of at yrosine residueo fW GA. [14] According to the theoretical calculations, the presence of two fluorine atomsa tt he acetamide group should enhance the interaction between the corresponding N,N'-diacetyl chitobiose and N,N',N''-triacetyl chitotriose mimics and WGA, given the polarization of the unique CÀHb ond at the CHF 2 CONH-f unction by the electron-withdrawing fluorine atoms. [15] [16] [17] [18] As af urther expansion of this idea, herein we analyze the complete series of fluorine-to-hydrogens ubstitutions at the acetamide methyl group in N,N'-diacetyl chitobiose and describe the NMR spectroscopy analysiso ft heir interactions with WGA. Additionally,w es how that the frequently used trifluoroacetamide function (CF 3 CONH-) significantly reducest he binding energy due to the absence of any CH-p donorg roup. On am ore general level, we demonstrate that access to various synthetic probes that only differ by asingle atom allows the structuraland energetic characterization of critical CH-p interactions in sugar-receptor recognition at the atomic level, which thus complements recenta dvances in the study of direct pyranose/aromatic stacking. [16] [17] [18] [19] This approach, together with other already establishedp rotocols, [4] [5] [6] [7] [8] may permit detailed NMR spectroscopic analyses of the binding events of very complex molecules with their receptors.
Results and Discussion
We have previously demonstrated that difluoroacetamide mimics of N,N'-diacetyl chitobiose and N,N',N''-triacetyl chitotriose permit as imple characterization of their binding epitopes to WGA with 1 Ha nd 19 FNMR spectroscopicm ethods. Althoughn oq uantitative analysis of the interaction energy was performed, it was estimated that the corresponding affinities were very similar to those of the naturalp arent molecules (K D = 0.19 and 0.09 mm for N,N'-diacetyl chitobiose and N,N',N''-triacetyl chitotriose, respectively). [15, 20, 21] Herein, we expand our initial findings to analyze quantitativelythe interaction between WGAa nd the complete set of fluoroacetamide analogues of N,N'-diacetyl chitobiose, withe ither one, two, or three fluorine atoms at each modified GlcNAc residue, by using NMR spectroscopy.W ep rove experimentally that the CHF 2 -, CH 2 F-, and CF 3 -a nalogues are useful probest om onitor the interaction process by using 19 FNMR spectroscopy (for the three mimics) or 1 HNMR spectroscopy (for mimics that contain CÀHb onds). The synthesiso ft he mono-, di-, and trifluoroacetamide-containing analogues of N,N'-diacetyl chitobiose, (1, 2, and 3,F igure 1) is summarized in Scheme 1a nd described in detail in the Experimental Section.
NMR spectroscopy studies 1 Ha nd 19 FNMR spectra of novel disaccharides 1 and 3,w hich contain CH 2 F-and CF 3 -g roups, were assigned by using standard NMR spectroscopy techniques as described for 2 (Figures S1-S6 in the SupportingI nformation). [15] For compound 1,t he 1 HNMR signals of protons at each monofluoroacetamide moietya ppear as ad oubleto fd oubletsd ue to as trong Hn uclei are diastereotopic and differ between the two sugar rings (Figures S1 and S2). Despite this apparent spectral complication, the possibility of distinguishing between the protons at every sugar residue represents an importanta dvantage for structural analysiso ft he bindingm ode (see below). The two 19 Fs ignals appear as triplets, one centered at d = À227.12 ppm (reducing end) and the other one at d = À227.19 ppm (non-reducing end, Figure S3 ). For compound 2,a sd escribed earlier,t he Fn uclei is ad oublet of doublets centered at d % À127 ppm, with av ery large 19 F- 19 Fh omonuclear coupling of 303 Hz. [15] The externalc omponents of the multiplet of every 19 Fs ignal are barely visible (see Figure S5 ). Finally,t he 19 Fs ignals for 3 are singletsa td = À75.63 and À75.67 ppm for the non-reducing and reducing ends, respectively ( Figure S6 ). Therefore, the key reporter 1 HNMR signals of the fluorine-containing acetamide moieties of 1 and 2 andt he 19 FNMR signals of 1-3 appear at significantly different chemical shifts and can be used to monitor possible interaction processes. The 1 HNMR signals of the fluoroacetamide moieties of the two residues of 1 and 2 are easily distinguished. Furthermore, those of 2 appear at d = 6.1 ppm, ac hemical shift region absento fa ny other sugar signal in the NMR spectra of N-glycans and very rarely occupied in the NMR spectra of any putative receptor protein. These fairly diversechemical shifts may even permitsimultaneouse valuation of the relative binding features towards WGA by using am ixture that contains all three molecules.
NMR spectral analysis of the ligand/WGAinteraction for 1-3
Our previousN MR spectroscopy study of the interaction between 2 and WGA revealed the key epitope for the molecular recognition process. [13] In addition to the existence of ad ouble aromatic-pyranose stacking with both GlcNAc entities, the (fluoro)acetamide moieties are also directly involved in the interaction. Indeed, in this region and in the presenceo fW GA at av ariety of ligand/receptor molar ratios,t he 1 Ha nd 19 Fs ignals assigned to the difluoroacetamidem oiety at the non-reducing end showedasignificant line broadening, whereas the corresponding signals at the reducinge nd were less affected. Thus, use of the CHF 2 probe revealed the preferred interaction of the non-reducing sugar moiety,w hich is the major interacting ligand epitope. [14, 15, 22] Analysis of the spectra of 1 and 3 in the presenceo fW GA also confirmed the presenceo ft he same binding epitope fort hese ligands. In all cases, am ore pronounced line-broadening effect for the 1 Ha nd 19 FNMR signals of the nuclei at the non-reducing end was observed ( Figure 2 ).
As also previously observed for 2, [15] the 19 FNMR signals of 1 are more sensitive to changes in their local environmenti n the presence of the receptor than the 1 Hr esonances and the discrimination of the epitope in terms of the GlcNAcr esidue is straightforward.
Next, we studied the relative affinity of the three fluorinated analogues.B ecause 3 does not carry any hydrogen atom at the fluorinated acetamidem oiety,afirst analysisw as performed by examining the linewidth of the 19 FNMR signals for an equimolar mixtureo f1-3.
[23] The addition of WGA to the sample that contained 1-3 gave rise to observable line-broadening effects for all 19 FNMR signals, although to ad ifferent extentd epending on the molecule and on the particular fluorine substitution pattern ( Figure 3 ). It is known that these effects are due to the existence of af aster transverse relaxation rate of the ligand nuclei due to the free-bound chemical exchange process in the presence of the protein. These effects can be correlated with the exchange-rate binding event and HNMR signals of 1 is evident (left spectra). The presence of distinct line-broadening properties is also cleari nthe corresponding 19 FNMR spectra,especially for 1.The signal assignment for the 1 Ha nd 19 Fn uclei are color-coded. An impurity is labeled with *. Figure 3 . Compound-specific regionso fthe 19 FNMR spectra of amixture of 1, 2,a nd 3 (from left to right, respectively) in the absence (bottom) and presence of WGA at decreasingl igand/WGA ratios( from top to bottom). The existence of reversible binding to WGA in the fast-intermediate exchange regime on the chemical shift timescaleise vident for the three molecules, as deduced from the observed broadenings of the 19 FNMR resonance signals. The smallest degree of perturbation takes place for trifluoroacetamide-containinganalogue 3.The spectra were acquired at 298 Kw ith a3 0mm proteinconcentration and by increasing the ligandc oncentration from 0.3 to 1.0 mm. 19 FNMR signals were rather broad and the correlation with the existence of different affinitiesf or the three molecules was not evident. The same appliesf or the largest employed ligand/receptor molarr atio (33:1), for whicht he line-broadening effects were more limited and thus conclusions should be made with caution. For the 17:1 molar ratio, the observed line-broadening effectsp ermitted both modified GlcNAcr esidues of every N,N'-diacetyl chitobiose analogue to be differentiated. Consistently,a nalysiso f the 19 FNMR spectra (Figure 3 ) andt he linewidths( Ta ble 1) shows av ery significant line broadening of the 19 Fs ignals at the non-reducing moiety for compounds 1-3.T herefore, it is evident that the major binding epitopeo ft he disaccharidemimeticl igands to WGA remains unaltered upon fluorine substitutionatt he acetamide moiety.
This analysisa lso permitted us to deduce that the linewidth values obtained for 3 were much smaller than those for 1 and 2.T he measured differences between these last two molecules were less significant, whichp recluded the derivation of any conclusion in an unambiguous manner.I nf act, at a1 :33 protein/ligand molarr atio, the linewidths of the 19 Fs ignals at the non-reducing end of molecule 3 are similart ot hose for the protein-free molecule (i.e.,8 .4 and 6.4 Hz, respectively). In contrast, even at a1 :33 protein/ligand ratio, the linewidthso ft he 19 FNMR signals for both 1 and 2 are twofold larger than for the free form (Table 1) .
Although this superficial analysis suggests that the binding affinity of 3 towardsW GA is lower than that of 1 and 2,a dditional NMR spectroscopy experiments were performed to clarify the relative stabilityo ft he complexes of WGA with 1-3,a nd to estimate the corresponding dissociation constants (K D ).
1 H saturation-transfer difference NMR spectroscopy (STD) experiments were carried out by taking advantage of the distinct chemicals hifts of the 1 HNMR signals for the protons of 1 and 2 at the fluoroacetamide moieties, which did not overlap with the sugar ring hydrogen atoms.
Therefore, STD experimentsw ere first performed on am ixture of 1-3 with WGA (50:1 ligand/lectin molar ratio). The obtained data additionally supported the notion that the non-reducing end is alwayst he major bindinge pitope (Figure 4) . In fact, the strongest STD signal for compound 2 corresponded to the CÀHp roton (100 %) of the difluoroacetamide moiety of the non-reducingG lcNAc moiety,f ollowedb yt he corresponding CÀHp rotona ti ts reducing end (40 %). The corresponding STD signals for 1 were considerably weaker (20 and 15 %f or the acetamide protons at the non-reducing and reducing ends, respectively), which strongly suggested that 2 is the best binding partner for WGA.
The dissociation constants( K D )o ft he complexes of WGA with 1 and 2 were quantitatively estimated from competition STD experiments with 4,t he natural compound (see Figure 5 and Table S1), as described in the Experimental Section. The dissociation constanto btained for monofluoroacetamide 1 was similar ( % 150 mm)t ot he K D of the natural compound 4 (K D % 190 mm), whereas the value obtainedf or difluoroacetamide analogue 2 was lower ( % 50 mm). Therefore, the STD data indicate that, of the studied compounds, chitobiose derivative 2 is the best binder for WGA. We also estimated the K D for compound 3.I nt his case, the competitionS TD experiments were carriedo ut by using the inverse strategy,w ith compound 3 as the competitor in am ixture of WGA and natural ligand 4.T he obtained results( Ta bleS2) indicate that derivative 3 is the weaker binderw ith a K D value of approximately 650 mm.
Glycan arrays
Multivalent display on dendrimers, nanoparticles, or surfaces is ac ommons trategy to enhancet he affinity of sugar-lectin interactions by engaging simultaneously with more than as ingle receptoro rb yr apid rebinding. [24] However,m ultivalent presentation of al igand can alter the bindinge pitopea ccessibility.I n fact, it is not unlikely that some structural features recognized on the ligand in dilute solution might be hidden in dense presentationso ns urfaces and/or on nanoparticles. To assess the effect of the fluorine modificationo nW GA binding in ah ighdensity presentation of the ligands, we printed aliquots of the four chitobiosed erivatives onto NHS (N-hydroxysuccinimide)-activated glass slides. The microarrays were then incubated with different concentrations (0.1-3.5 nm)o ff luorescently labeled WGA. As seen in Figure 6 , the four chitobiosea nalogues displayed high and consistent affinities at all protein concentrations and provided similar fluorescencev alues. Under these experimental conditions, we did not observe any effect on the observed macroscopic binding affinity owing to the presence of the fluorine atoms. 
Discussion
The obtained experimental resultsi ns olution demonstrate that, for the fluorine-containing mimics and naturalc hitobiose (compounds 1-4), the number of fluorine atoms significantly affects the binding affinity (approximately fourfold between 2 and 4)t owards WGA. In particular,t he binding affinity increaseda st he hydrogen atom of the (fluoro)acetamide group becomes more polarized by the electron-withdrawing effect of the fluorine. Previous theoreticalc alculations [15] carriedo ut for simple models( benzene and N-methyl(fluoro)acetamide) predicted an increased bindinge nthalpy for the CH-p interaction as the polarization of the CH bond increased. To gether, these results allow us to relate the observed increased binding affinities to the magnitude of the CH-p interaction between the acetamide moiety and its aromatic partnera tt he WGA binding pocket. Moreover,t rifluoroacetamide analogue 3,w ith only CÀ Fb onds at the interacting group epitope, showed the lowest affinity,e ven lower than that of natural compound 4.I nc ontrast, 1 and 2,w ith one or two fluorine atoms, presented ah igher affinity than 4.T hese findings can be explained by the degree of polarizationo ft he interacting CÀHb ond, which was increased in the presenceo ft he highly electronegative fluorine atoms and produced as tronger CH donorg roup to the aromatics ystem.T his observation is supported by ab initio calculations that simulatet he charge distribution for the model N-methyl(fluoro)acetamides (Table S3, FigureS7) .
Despitet he differencei nC ÀHb ond polarization for 1 and 2, the relative binding energy between the two complexes is only approximately 0.67 kcal mol
À1
.F ittingly, this value is in satisfactorya greement with our previousa bi nitio calculations ( % 0.3 kcal mol À1 )f or simple acetamide and fluoroacetamides that interactw ith as ingle aromatic ring. [15] According to the K D estimations, the relative binding energy between 1 (with one fluorine atom) and naturalm olecule 4,w ith no fluorine, is approximately 0.14 kcal mol
.T hese figuresa re of the order of those estimated for the role of CÀHp olarizationi ns ugar-aromatic stacking. [12, 18, 25] Compound 3 lacks any CH-p donor atoms on the acetamide moiety,b ut presentsa ne lectron-rich group at the interface with the aromatic residue in the complex with WGA. This unfavorable contact considerably reduces the binding affinity. [26] In fact, CF 3 -containing compound 3 shows ar elative binding energy 0.76 kcal mol À1 lower with respect to the natural compound 4.
The use of differentC H x F y CO-appendages has allowedt he analysisa nd quantification of the energy contribution of polarized CH donor groups [27] in CH-p stacking interactions, with implications for the bindinga ffinity.W eh ave found that fluorine substitution at the acetamide moiety enhances the binding to the receptor,i nw hich the -CHF 2 group provides the best interaction, followedb y-CH 2 F. In contrast, the ligand with the -CF 3 group showed the weakest binding constant.T hese results offer the opportunity to modulate carbohydrate-protein interactions in solution by the introductiono ff luorine atoms. The four chitobiose analogues were bound under the glycan microarray conditions, which confirmedt hat the introduction of fluorine also does not introduce deleterious effects in the molecular recognition process under multivalent presentation conditions. However,t he affinity differences found in solution are absent in the microarray experiment. In fact, the binding affinities estimated from the microarray experiment are in the nanomolar range (1.98, 1.86, 2.01, and 1.81 nm for compounds 1, 2, 3,a nd 4,r espectively,s ee Figure S8 )a nd almost identical. The reason for this behavior is not fully evident. One plausible explanation resides in the particularm ultivalent effects that take place on the surface and that are absent in the solution state. Indeed, for WGA, as ignificant increase in the affinity has been observedw hen the saccharide ligandsa re presented in am ultivalent display form with respect to the monovalent form in solution. [28] Moreover,i th as been also observed that the binding affinity of saccharides for other lectins (Con A) may increaseb ym ore than three orders of magnitude on going from the solution state to the immobilized presentation of ag lycan array.I np articular, the dissociation constanto f mannose( Man1), and the corresponding tetra-, octa-, and nona-mannosides( Man4, Man8, Man9) versus Con Aa re 250, 55, 0.42, and 0.13 mm in solution,r espectively. [29] These significant differences are basically abolished in the microarraye xperiment, in whicha ll the molecules display nanomolar affinities (83, 80, 76, and 73 nm,r espectively). As imilarp rocess probablyt akes place for the natural and fluoroderivatives presented herein. The affinity differences observed in solution are lost under the surface presentation conditions, in which additional mechanisms [30] are responsible for the increased affinity and which veil the subtle differences observed at the atomic level in solution.
Conclusions
The presence of fluoroacetamide moieties in GlcNAc-type sugarsp rovides as imple NMR spectroscopy-based strategy to detectt he interaction between these types of glycan and lectin in solution.T he interaction of the complete set of chitobiose derivatives with different fluorination patterns at the acetamide moiety (CH x F y -CO-) with WGA has been analyzed. STD-NMR spectroscopy experiments have shown that the CH moiety at the CH x F y -CO-group with either one or two fluorine atoms provides an efficient interaction pointf or the protein. This intermolecular contact is likelyb ased on sugar-aromatic interactions. Our results demonstrate that the strength of the CH-p interaction can be modulated through the substitution of the hydrogen atoms at the acetamide function by electronwithdrawing fluorine atoms.S pecifically, the substitution of one or two hydrogena toms by fluorinel eads to the polarization of the remaining hydrogen and thus to an increased interaction, as shown by the measured binding constants.C onversely, the complete substitution of all hydrogen atoms on the acetamidef unction by electron-richf luorine leads to an unfavorable contact with the aromatic residue on the receptor and consequently to ad ecrease in the measureda ffinity.T here is one order of magnitude of differenceb etween the binding affinities determined for compounds 1 and 3 ( % 1.4 kcal mol À1 ). Although not extremely large, these subtle differences contribute to the characterization of the electrostatict erm in CH-p interactions and may offer an opportunity to modulate sugarprotein interactions in as ite-specific way. It is also important to note that these modifications do not alter the interaction of the disaccharide with the lectin, as exemplified by using glycan arrays.
Furthermore,g iven the distinct 1 Ha nd 19 FNMR spectral features of the different analogues, as exemplified by compounds 1-4,t he concurrent use of different CH x F y CO-appendages at different positions of one complex molecule (i.e.,multiantenna glycans) could provide specific fingerprints for the characterization of bindinge pitopes at the residue level, which includes the possibilityo fd etecting the existence of multiple binding epitopes that are engaged at the same time. The combination of this fluorine-based protocol with other chemical approaches (i.e.,t he use of paramagnetic lanthanides) [4, 8] may provide the chemical tools required to advance the complete understanding of sugar-protein recognition events. Advances in chemoenzymatic carbohydrate synthesis permit access to ever more complex target glycans and will finally enable the study of their interactions with natural receptors in great detail Fc orrelation experiments. STD experiments were performed at 310 Kw ith 30 mm of WGA and 1.5 mm of molecules 1-3.T he on-resonance frequency was set at d = 7.5 ppm and the off-resonance frequency was at d = À25 ppm with a2si rradiation time, and aP C9 pulse shape without water suppression was used. AT11 of 50 ms was used for filtering the protein signals. Negative control STD spectra, in the absence of WGA, were recorded under the same conditions. The STD competition experiments were acquired under the same experimental conditions with increasing concentrations of natural ligand molecule 4 as the competitor for the estimation of the K D values of 1 and 2.T he K D value of compound 3 was determined by using an increasing concentration of inhibitor 3 in as olution of WGA/4 at 1:50 molar ratio. The detailed ligand/competitor molecular ratio, relative STD intensity, and the equation used to derive the K D constants are reported in the Supporting Information (Tables S1, S2 ).
Chemical synthesis:general methods
Chemicals were purchased from Sigma-Aldrich or Acros Organics and used without further purification. All reaction solvents were dried over activated 4o r3 molecular sieves. Microwave irradiation was performed by using aB iotage Initiator monomode oven (Biotage AB, Uppsala, Sweden). All organic solvents were concentrated by using rotary evaporation. Hydrogenation reactions were performed in continuous-flow hydrogenation reactor H-Cube from ThalesNano Nanotechnology (Budapest, Hungary). Glycans were lyophilized by using an ALPHA-2-4 LSC freeze dryer (Christ, Osterode, Germany). 
5-Aminopentyl
As olution of 5 (125 mg, 0.107 mmol), 1,2-ethylenediamine (0.2 mL), and nBuOH (0.8 mL) was heated to 120 8Cu nder micro- , 30 min each) . The solvents were evaporated to dryness and the crude product was used in the next step without further purification. Solutions of fluoroacetic acid (0.5 m), N-hydroxysuccinimide (0.5 m), and N,N'-dicyclohexylcarbodiimide (0.5 m)w ere mixed in a1:1:1 ratio for 15 min and then centrifuged. The supernatant (8.9 mL) was added to as olution of the crude product in DMF (5 mL) and the resulting mixture was stirred overnight at RT.T he crude product was concentrated and dissolved in MeOH (5 mL) and NaOMe (20 mL) was added. The crude product was concentrated and filtered through aplug of silica gel, then dissolved in MeOH/water (9:1) that contained 1% TFA, and the solution was hydrogenated by passing it twice through aH -Cube reactor (0.5 mL min À1 ,5 08C, full hydrogen). The reaction mixture was evaporated to dryness, then the crude product was purified by using aB ond Elut carbon cartridge (yield:2 2mg, 30 %o ver three steps). 
As olution of 5 (125 mg, 0.107 mmol), 1,2-ethylenediamine (0.15 mL), and nBuOH (0.6 mL) was heated at 120 8Cu nder microwave irradiation (3 cycles, 30 min each). The solvents were evaporated to dryness, then the crude was purified by using Sephadex LH-20 and eluted with MeOH. The product was dissolved in pyridine, cooled to 0 8C, and trifluoroacetic anhydride was added dropwise. After stirring for 2h at RT,t he mixture was quenched with EtOH and diluted with EtOAc. The organic layer was washed with saturated aqueous CuSO 4 ,w ater,a nd saturated aqueous NaHCO 3 , dried over anhydrous MgSO 4 ,and concentrated. The crude product was dissolved in MeOH (5 mL) and NaOMe (20 mL) was added dropwise. The mixture was concentrated and filtered through ap lug of silica gel, then the product was dissolved in MeOH/water (9:1) that contained 1% TFAa nd the solution was hydrogenated by passing it twice through aH -Cube reactor (0.5 mL min À1 ,5 08C, full hydrogen). The reaction mixture was evaporated to dryness, and the crude product was purified by using aB ond Elut carbon cartridge (yield:2 2mg, 33 %o ver three steps). 
Glycan microarray printing
Ligand solutions (1, 2, 3,a nd 4)w ith afinal concentration of 50 mm were prepared in sodium phosphate buffer (300 mm,p H8.5, 0.005 %T ween-20). These solutions (1.25 nL) were spatially arrayed by using ar obotic noncontact spotter sciFLEXARRAYER S11( Scienion AG, Berlin, Germany) onto NHS-functionalized glass slides (Nexterion H, Schott AG, Mainz, Germany). After printing, the slides were placed in a7 5% humidity chamber (saturated NaCl solution) at 25 8Cf or 18 h. The remaining NHS groups were quenched by placing the slide in as olution of ethanolamine (50 mm)i ns odium borate buffer (50 mm,p H8.0) for 1hat RT.
Incubationw ith WGA
The subarrays were compartmentalized by using a1 6-well gasket (Fast Frame incubation chambers, Whatman ). Solutions of Alexa Fluor 647-labeled WGA (100 mL; DOL (degree of labeling):0.1) at different concentrations (0.1, 0.2, 0.4, 0.8, 1.7, 3.5 nm)were incubated in the dark for 1h in lectin binding buffer (PBS with 5mm CaCl 2, 5mm MgCl 2 ,a nd 0.05 %T ween-20). The slide was washed with PBST (PBS with 0.05 %T ween-20), PBS, and water,t hen dried in as lide spinner.T he fluorescence was analyzed by using an Agilent G265BA microarray scanner system at 100 PMT (photomultiplier tube). Quantification was achieved by using ProScanArray Express software (Perkin-Elmer,S helton, USA) by using an adaptive circle quantification method from 50 (minimum spot diameter) to 300 mm( maximum spot diameter). Average RFU (relative fluorescence units) values with local background subtraction of five replicates and standard deviation of the mean were presented as histograms by using GraphPad Prism 6s oftware.
